Strongly catalase-positive Gram-negative anaerobic rods were isolated from approximately half of all intra-abdominal specimens received from patients with gangrenous and perforated appendicitis, and subsequently also from normal faecal specimens. The organism was originally detected on Bacteroides-bile-aesculin (BBE) agar, and grew slowly on non-selective anaerobic media containing blood. It was stimulated by bile and differed from other known genera by being urease-and catalase-positive, and by reducing nitrate. It did not reduce sulphate. Other anaerobic Gram-negative rods showed no homology by DNA dot-blot hybridization. The thermal melting profile of chromosomal DNA showed 39-40 mol% G + C . The whole-cell fatty acid methyl ester profile included cyclic and branched long-chain acids, and differed from those of all other anaerobes that have been tested. Q-Lactamase was not detected. The name Bilophila wadsworthia gen. nov., sp. nov. is proposed for this organism.
I N T R O D U C T I O N
Human faeces contain as many as 10" c.f.u. of bacteria per gram (Finegold et al., 1974; Holdeman et al., 1976; Moore & Holdeman, 1974) . Anaerobes outnumber aerobes by about 1000: 1 in the bowel (Finegold, 1977) ; however, relatively few species seem to predominate in intra-abdominal infections. Most previously published studies of the bacteriology of appendiceal infections report recovery of three to six species of bacteria per specimen, with anaerobes (particularly the Bacteroidesfragilis group) predominating (Werner & Seeliger, 1963 ; David et al., 1982; Berne et al., 1982; Pieper et al., 1979; Lau et al., 1984) . In a recent study, cultures of perforated and gangrenous appendix and peritoneal fluid or pus specimens yielded an average of 11 organisms per specimen, with an average of seven anaerobes per specimen (Bennion et al., 1989) . During that study, a novel bacterium was isolated from approximately half of all specimens. Because this organism is believed to be significantly different from other described genera, the name Bilophila wadsworthia gen. nov., sp. nov. is proposed.
METHODS
Bacterial strains. A homogeneous collection of strains of bile-resistant, catalase-positive, slow-growing Gramnegative bacilli was isolated from peritoneal fluid (14 strains), abdominal abscess aspirates (four strains), or gangrenous appendiceal tissue (nine strains) obtained at surgery during the course of a study to define the bacterial flora of infection related to perforated and gangrenous appendicitis. Fluid specimens were injected into an anaerobic transport vial (Port-a-Cul vial, BBL Microbiology Systems) and tissue biopsies, made by removing a ~~ Abbreviations : BBE medium, Bacteroides-bile-aesculin medium ; PRAS, pre-reduced, anaerobically sterilized.
0001-5505 0 1989 SGM tangential slice of the appendiceal wall so as to avoid luminal contents, were placed into a sterile 17 x 100 mm snap-top plastic tube (Falcon, Becton-Dickinson) which was immediately sealed into a self-generating anaerobic pouch (GasPak Pouch, BBL). The cap of the tube was left loose until the methylene blue indicator in the pouch indicated anaerobic conditions. Specimens were kept at room temperature until they were cultured, usually within 18 h of collection.
Tissues were ground in plastic disposable tissue grinders (Sage Products) in measured amounts of supplemented fluid thioglycollate medium (Anaerobe Systems). Known quantities of vortexed tissue suspensions or fluid specimens were inoculated onto supplemented Brucella blood agar without cysteine, phenylethyl alcohol agar, kanamycin-vancomycin agar with laked sheep blood, and Bacteroides-bile-aesculin (BBE) agar, and into fluid thioglycollate medium (all obtained from Anaerobe Systems) in addition to routine aerobic media. All manipulations were carried out in an atmosphere of N2/C02/H2 (80 : 10 : 10, by vol.) within an anaerobic chamber (Coy Laboratories). Initial incubation took place in the chamber at 35 "C. Plates were examined after 48 h incubation and on two or three other occasions for up to 14 d. Different colony morphotypes seen on each agar were isolated for further studies (Bennion et al., 1989) .
During this study, a series of isolates that shared colony morphology characteristics and initial rapid test results (particularly a strongly positive catalase) were recognized. On further testing, these bile-resistant, strongly catalase-positive, pyruvate-stimulated strains were found to comprise a single, homogeneous group of organisms. Data from 27 strains are presented here.
The Bacteruides species used for comparative purposes included the proposed type strain for each species listed by Holdeman et al. ( 1984) (Roberts et al., 1987) . For biochemical studies, strains were stored frozen in double-strength skim milk (Difco), passed on supplemented Brucella blood agar without cysteine (BBL), and tested from subcultures on Brucella blood agar.
Biochemical and morphological characterizarion. After initial isolation, the organisms were subcultured on the open bench and incubated in anaerobic GasPak jars (BBL). Identification procedures, including biochemical tests, gas-liquid chromatography, and additional studies, were those described in the Wadsworth and VPI Anaerobe Manuals (Sutter et al., 1985; Holdeman et al., 1977) . Screening tests included inhibition by specialpotency antibiotic disks (vancomycin 5 pg, kanamycin 1000 pg and colistin 10 pg; BBL), inhibition by 20% bile disks (Remel), catalase production (IS%, v/v, H202), and spot indole and nitrate reactions. Hydrogen sulphide production was detected in pre-reduced, anaerobically sterilized (PRAS) SIM medium (Scott Laboratories). Urease production was detected in urease broth concentrate diluted 1 : 10 (Difco). Initial determination of presence of desulphoviridin was done as described by Holdeman et al. (1977) . Tests for fermentation reactions, metabolic endproducts, nitrate reduction, indole production, bile stimulation, and aesculin and gelatin hydrolysis were carried out using PRAS media (Carr-Scarborough). All broth media were supplemented with 1 % (w/v) pyruvate. P-Lactamase was determined using a chromogenic cephalosporin spot test (Cefinase, BBL).
DNA extraction andpuriJication. Each strain was grown on agar plates at 37 "C in an anaerobic atmosphere. The DNA extraction method was as described previously for Mobiluncus species (Spiegel & Roberts, 1984) . Briefly, strains were harvested from Brucella agar plates into TE (0.15 M-Tris, 0.1 M-EDTA, pH 8.0). Lysozyme was added to a final concentration of 1.0 mg ml-I. The suspension was treated with pronase (Sigma) and SDS (0.4%, w/v) to induce cell lysis. The suspension was further diluted in TE, treated overnight with proteinase K (Sigma), mixed with an equal volume of Tris-saturated phenol, and centrifuged. The aqueous phase, mixed with an equal volume of chloroform, was centrifuged, re-extracted with chloroform, and the DNA was precipitated with 0.3 M-SodlUm acetate and cold ethanol. After a final centrifugation, the pellet was resuspended in 0.1 x SSC (1 x SSC is 0.15 M-NaCl plus 0.015 M-sodium citrate pH 7.0) and NaCl, EDTA and Tris were added to final concentrations of 0.1 mM, 0.05 mM and 0.025 mM, respectively. Boiled ribonuclease (Sigma) was added, and the DNA was extracted twice with chloroform/isoamyl alcohol (24 : 1, vlv) and precipitated with sodium acetate and cold ethanol. After suspension in 0.1 x SSC, the DNA was dialysed against 0.42 M-NaCl.
DNA dot-blots. DNA (0.1 pg) was nick-translated as described previously (Roberts et al., 1987) using two 32P-labelled nucleoside triphosphates and two unlabelled nucleoside triphosphates. The unincorporated radiolabel was separated from the labelled double-stranded DNA by passage through a 15 cm Sephadex G-75 column. The probes were stored at -10 "C and used within one week. Pure DNA (5-15 pg) was spotted onto nitrocellulose, which was treated to fix the DNA to the nitrocellulose and stored at room temperature until needed (Roberts etal., 1987) . The nitrocellulose was hybridized overnight at 42 "C under stringent conditions of 50% (v/v)
0.05 M-N~H,PO, (pH 7.4), 0.005 M-EDTA, 0.76 M-NaCl and 100 pg boiled calf thymus DNA ml-I. The filters were then removed and washed three times for 10 min each at 52 "C in 0.1 % SDS/O-l x SSC, followed by three 10 min washes at 52 "C in 0.1 x SSC. The washed filters were dried, exposed to Kodak X-omat AR film at -70 "C and developed.
Determination of thermalmeltingprofiles. DNA from two strains of the novel bacterium along with an Escherichia coli control (strain HBlOl ; G + C content 51 mol%) were dialysed against 4 litres of 0.5 x SSC. The melting profiles were determined as described by Johnson (1981) using a Gilford model 250 automatic recording spectrophotometer equipped with a heated cuvette holder. E. coli HBlOl was used as an internal standard for each experiment. Analyses were performed in triplicate over a one week period. Cellular fatty acid determination. Fatty-acid methyl esters of whole-cell extracts were determined according to the method of Moss & Nunez-Montiel (1982) . Briefly, cells were harvested from growth on supplemented brain heart infusion agar with 5 % (v/v) sheep blood (Carr-Scarborough) after 48 h incubation at 35 "C, saponified in NaOH in aqueous methanol, methylated in hydrochloric acid in aqueous methanol, extracted in hexane and methyl-tert-butyl ether, washed in dilute NaOH, and analysed in a gas-liquid chromatograph (Hewlett-Packard 5890A) equipped with a silicone-lined capillary column using the Microbial ID software package. The fatty acids were identified by comparing their retention times with those of Standards. in 50 mM-HCI) was added to 0.5 ml culture. The presence of a brown-black precipitate indicated production of hydrogen sulphide.
Electron microscopy. Organisms were concentrated by centrifugation after 48 h growth in broth. Thin-section preparation, negative staining, and freeze-fracture preparations were performed as described by Lounatmaa (1985) . Preparations were observed by transmission electron microscopy.
Enzyme acticity. Enzyme activities were determined in two commercial systems, API ZYM (Analytab Products) and RapID-ANA (Innovative Diagnostic Systems), following the manufacturers' recommended methods.
Dehydrogenase assays. Cells were grown for approximately 48 h in Brucella broth (Difco) with haemin (5-0 mg I-]) and vitamin K 1 (5 mg ml-l), with the addition of 1 % (w/v) pyruvate for strains of Bilophila. Cells were harvested by centrifugation at 12000 g in a Sorvall RC 5B centrifuge for 20 min and resuspended in 0.1 M-HEPES/ NaOH (pH 7.5). Cells were passed three times through a French pressure cell (SLM Instruments) at 12000 p.s.i.
(-83 MPa) and the resulting suspension was centrifuged at 37000g for 15 min. Either 7.5 pg of protein (for Bacreroides fragilis group isolates) or up to 30pg (for Bilophila isolates) of cell extract was subjected to polyacrylamide gel electrophoresis (PAGE) according to published procedures (Laemmli & Favre, 1973) in a 10% (w/v) running gel with the following modifications : SDS was eliminated from all buffers, l3-mercaptoethanol was eliminated from the sample buffer, and the samples were not boiled. Staining was carried out according to published procedures : malate dehydrogenase (Williams et al., 1973 , glutamate dehydrogenase (Gharbia & Shah, 1988 ) and glucose-6-phosphate dehydrogenase (Fildes & Parr, 1963) .
RESULTS A N D DISCUSSION
Biochemical and morphological characterization. All strains were able to grow in and were usually stimulated by the presence of 20% (v/v) bile. They were all strongly catalase-positive with 15 % (v/v) H 2 0 2 , able to reduce nitrate (occasionally to N2), non-motile, indole-negative, non-sporeforming, obligately anaerobic Gram-negative bacilli, 0-7-1 -1 pm wide by 1 4-10-0 ym long (Fig. 1) . Most strains were urease positive. Colonies appeared on BBE agar after 4 d, either as irregular, low convex, black, opaque colonies 1-2 mm in diameter or as erose, circular, umbonate, translucent colonies with dark black centres. On Brucella agar after 4 d, colonies were circular, erose, 0.6-0.8 mm in diameter, raised, translucent and grey. At times, growth was not evident until after 7 d of incubation. Cells were very pleomorphic, with swollen portions and irregular walls; often cells appeared to have lighter-staining areas. Flagella were not seen.
All strains produced H2S in SIM medium. Growth in broth media was stimulated by 20% bile and 106 pyruvate but not by formate plus fumarate, or by arginine, sodium bicarbonate, magnesium sulphate, haemin or rabbit serum. All strains were asaccharolytic, gelatinasenegative, showed no reaction in PRAS milk, were unable to hydrolyse starch or aesculin, and were lecithinase-and lipase-negative. Occasional strains were weakly desulphoviridin-positive, although no strains were found to reduce sulphate. All strains exhibited zones of inhibition surrounding the special-potency kanamycin and colistin disks but were resistant to the vancomycin disk. Strains did not produce a P-lactamase, as determined by the absence of hydrolysis of nitrocefin.
All strains tested produced major amounts of acetic acid and sometimes minor to trace amounts of succinic acid from growth in pyruvate-supplemented PRAS peptone-yeast and petone-yeast-glucose broths. Lactic acid was not detected. As observed with Desulfomonas, magnesium sulphate increased the production of acetate from pyruvate and stimulated growth in media containing pyruvate. For this reason, and because some strains were weakly positive in the desulphoviridin test, we used type strains of Desulfomonas and Desulfovibrio as controls in several comparison studies.
Electron microscopy.
No flagella or other appendages were observed on negatively stained cells. Thin-section and freeze-fractured preparations revealed the cell envelope structures of a Gram-negative bacterium. A detailed electron microscopy study by K. Lounatmaa and coworkers will be published elsewhere.
Nucleic acid studies. The dot-blot procedure utilizing whole-cell chromosomal DNA detects homology at approximately the 30% level (Roberts et al., 1987) and can thus be used as a crude estimation of relatedness. In a previous study, 27 Bacteroides species (none of which shared more than 30% DNA homology with any other species examined) showed no homology with each Cellular fatty acid composition. The Bilophila strains showed a cellular fatty acid composition of iso-15 : 0, 16 : 0, 17 : Ocyc,, (cyc, cyclopropane ; position indicated by the subscript numbers). Bacteroides fragilis group strains tested concurrently showed major amounts of anteiso-15 :O and Desulfomonas pigra yielded only iso-15 :O and 16 :O fatty acids in major amounts. The presence of both iso-15 : 0 fatty acids and 17 : 0 and 19 : 0 cyclopropanes within the same organism is unique among 270 species groups of anaerobes currently included in the Microbial ID data base (although it should be noted that fatty acid composition can vary markedly with culture conditions and phase of growth) and further supports the inclusion of these strains in a new genus.
Enzyme activity. Limited numbers of strains of Bilophila tested by the API ZYM system showed very weak positive results for lipase esterase (C8) and weak to strong reactions for acid phosphatase. Tests for esterase (C4) activity were variable. There were no positive reactions by any strain tested in the RapIDANA system. Dehydrogenase studies. No dehydrogenase bands were seen for Bilophila strains tested. B. fragilis group and enzyme controls were positive for malate dehydrogenase, glutamate dehydrogenase and glucose-6-phosphate dehydrogenase (results not shown).
Two major studies of faecal flora composition have recovered Bacteroides fragilis group, Eubacterium spp., Fusobacterium spp., Peptostreptococcus spp. and Coprococcus as predominant species among North American and Japanese-American males (Holdeman et al., 1976; Moore & Holdeman, 1974 ). These studies also described numerous strains that did not fit any existing species designations. None of the previously undescribed species was similar to the organism described here in that all were nitrate-and catalase-negative and some differed in other respects as well.
The Bacteroides fragilis group, a major component of the gastrointestinal flora, is characterized by saccharolytic fermentation of carbohydrates, production of succinic and acetic acids as metabolic endproducts of glucose fermentation, 40-48 mol% G + C, and a cell wall composition of predominantly anteiso-and iso-methyl branched-chain fatty acids.
Shah & Collins (1989) have proposed that the genus Bacteroides be restricted to the B . fragilis group and related species. Members of this group are recognized in routine microbiological culture of clinical specimens by their ability to grow in the presence of aminoglycosides and 20% bile, a property exploited in the use of the selective and differential medium, BBE. Most other strictly anaerobic faecal bacteria, with the exceptions of the B. fragilis group, the organism described herein, and an occasional Fusobacterium species, are inhibited on this medium. Although the organism described here exhibited some homology with Bacteroides vulgatus in dot-blot assays, it is otherwise quite different from the Bacteroides, particularly in terms of metabolic endproducts (lack of succinic acid production), cell-wall fatty acid composition, and electrophoretic patterns of soluble cellular proteins (unpublished results). Additionally, the cellwall fatty acid composition of this organism is unique among all obligate anaerobes examined with this method.
The unique characteristics of this organism prompted the proposal for a new genus, i.e. Bilophila. This genus is most similar to those within the family Bacteroidaceae, which includes and 19 : Ocyc,, other anaerobic, rod-shaped, Gram-negative bacilli that are not inhibited by 20% bile. Since only one homologous group of organisms has been characterized, the name wadsworthia is proposed for this species.
Description of Bilophila gen. nov. bil.o'phi1.a. ML adj. bilophila, bile-loving Cells (from colonies grown on Brucella blood agar) are Gram-negative, non-motile, nonsporeforming, pleomorphic rods with swollen ends, vacuole-like pale areas, and variable uptake of stain. Cells are 0-7-1.1 ym wide and 1-10 ym long. Cells from colonies grown on BBE agar are smaller and more regular. Colonies on Brucella agar after 4 d incubation are 0-6-0.8 mm in diameter, raised, erose, circular or slightly irregular, grey, translucent, and may be slightly spreading at the edges, similar to those of some strains of Bacteroides ureolyticus. The organism is obligately anaerobic.
Growth is stimulated by bile and pyruvate. Nitrate is reduced to nitrite and occasionally to N2, hydrogen sulphide is produced, and abundant catalase is produced. Oxidase is not produced, gelatin is not liquefied, skim milk is not changed, neither starch nor aesculin is hydrolysed, and neither lecithinase nor lipase is produced. Desulphoviridin is weakly present in some strains ; sulphate is not reduced. The organisms are non-saccharolytic ; fermentation products from peptone-yeast broth with pyruvate include major amounts of acetic acid and variable minor amounts of succinic and lactic acids. Acid phosphatase is produced in variable amounts at 35 "C.
The G + C content of the two strains tested (WAL 7781 and 7959) ranges from 39 to 40 mol%, as determined by the thermal melting method. Cellular fatty acids include iso-15:0, 16:0, 17 : Ocyc,, and 19 : Ocyc,, (cyc, cyclopropane).
The organism was isolated from gangrenous, perforated, inflamed and non-inflamed appendices, and also from normal human faeces. The type species is Bilophila wadsworthia.
Description of Bilophila wadsworthia sp. nov. wads. w0r'th.i.a. ML adj. wadsworthia, from the Wadsworth Anaerobe Laboratory; named after the Wadsworth Veterans' Administration Medical Center, where the organism was first described.
Cells (from colonies grown on Brucella blood agar) are Gram-negative, non-motile, nonsporeforming, pleomorphic rods with swollen ends, vacuole-like pale areas, and variable uptake of stain. Cells are 0.7-1.1 pm wide and 1-10 pm long. The cells are smaller and more regular from colonies grown on BBE agar.
Other characteristics of the species are identical to those described for the genus, with the additional characteristic of the production of ammonia from urea. The type strain is WAL 7959, which has been deposited with the American Type Culture Collection, Rockville, MD, USA (ATCC 49260). Its G + C content is 39 to 40 mol%. 
